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Abstract Many physical properties of rocks are sensitive
to grain size and hence to the structure of grain boundaries.
Depending on their properties, such as deformation and
transport behaviour, boundaries may be divided into
two broad types, namely special and general grain
boundaries. Electron backscattered diffraction (EBSD) is
used to investigate the misorientation distributions of grain
boundaries and, more recently, to determine the population
of grain boundary planes. Studies on metals and ceramics
suggest that the grain boundary plane, rather than the
misorientation, is the key parameter when defining special
and general grain boundaries. In this study, the distribution
of grain boundary plane orientations has been successfully
determined using EBSD for a slightly deformed, synthetic
NaCl material containing 22 ppm water. Boundaries
showed a preference for {100} planes, which occurred with
twice the frequency of a random distribution. The grain
boundary plane distributions found in NaCl were largely in
agreement with studies on MgO. Grain boundaries, with a
coincident site lattice (CSL) misorientation, also showed a
preference for {100} planes, rather than the planes of high
coincident density associated with the CSL. Three main
types of boundary were identified, namely {100} twist
boundaries, boundaries with {100}{hkl} planes and gen-
eral {hkl}{hkl} boundaries. As the properties of these three
types of boundary differ, then the transport and creep
properties in wet NaCl will depend on the fraction of the
different boundary types found in the grain boundary
population.
Keywords NaCl  Electron back scatter
diffraction (EBSD)  Grain boundary plane 
Coincident site lattice (CSL)  Polycrystal
Introduction
In Earth materials, many rocks contain intergranular fluids
that dramatically affect a number of large scale processes,
by providing fast diffusion paths during deformation,
metamorphism and diagenesis (Carter et al. 1990; Hickman
and Evans 1992). In rocksalt, understanding the distribu-
tion of intergranular fluids is important for predicting the
location of impermeable cap rocks that trap mobile fossil
fuels, and also in determining the long term stability of
caverns and back-fill used for storage of oil, gas and
nuclear waste (Spiers et al. 1989; Spiers and Carter 1996;
Breunese et al. 2003; Pennock et al. 2007; Zhang et al.
2007).
During creep deformation of halite, NaCl, intergranular
brine enhances both grain boundary migration and disso-
lution–precipitation (pressure solution) processes (Spiers
et al. 1986; Schenk and Urai 2004). The details of the
structure and properties of the brine present along bound-
aries, such as the thickness and diffusivity, is controversial,
particularly under dynamic deformation conditions
(De Meer et al. 2005; Schenk et al. 2006). An important
property of intergranular behaviour is the crystallography
of the two surfaces that comprise the grain boundary. For
instance, the thickness and diffusivity of the fluid film have
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been shown to depend on the orientation of the grain
boundary planes (De Meer et al. 2005; Van Noort et al.
2007); in particular {100} twist boundaries are resistant to
dissolution–precipitation creep and rapidly heal (Hickman
and Evans 1992; Van Noort et al. 2007). A description of
the types of boundary planes present in polycrystalline
NaCl would therefore provide useful information for
understanding creep and transport behaviour.
A macroscopic description of a grain boundary plane
requires five parameters; three to describe the misorienta-
tion across the boundary and two to describe the grain
boundary plane (Wolf and Lutsko 1989; Randle 1993;
Randle and Davies 2001). Recent electron backscattered
diffraction (EBSD) studies, involving the automatic
detection of a large number of grain orientations and grain
boundary traces, can provide statistical output of boundary
plane densities, for all boundary types present in a sample,
based on serial sections (Saylor et al. 2003a), orthogonal
sections (Saylor et al. 2004e) or a single planar section
(Saylor et al. 2004b). The orientation data are used to
determine the ‘grain boundary distribution’, which is
defined as the relative areas of grain boundaries, charac-
terized by their lattice misorientation and the grain
boundary plane normal, and expressed in units of multiples
of a random distribution (MRD) (Saylor et al. 2003a;
2004e; Rohrer et al. 2004b). The grain boundary plane
normal can be determined by serial sectioning but the
process is time consuming and requires great care.
Recently, a new stereological technique has been devel-
oped that enables the probability distribution of grain
boundary planes to be derived from a single planar section,
providing the lattice preferred orientation (LPO) is suffi-
ciently random (Larsen and Adams 2004; Saylor et al.
2004b). The grain boundary populations derived from this
single section method were in good agreement with serial
section analysis (Saylor et al. 2004b). The single section
method (Saylor et al. 2004b) is briefly summarised here. A
grain boundary between two crystals intersects a specimen
surface as a line, or trace. In crystallographic space, the
possible boundary planes for one of the two crystals have
normals that must lie on a great circle in a stereographic
projection: the neighbouring crystal defines a second great
circle. Each bicrystal, with the same misorientation,
therefore provides information on possible grain boundary
planes. In a polycrystal, there are a large number of traces.
By combining a large number of traces, from similarly
misoriented bicrystals, any tendency for the true plane to
be present in the microstructure will show up as maxima in
a probability distribution. The accumulated data from all
the possible grain boundary planes form a continuous
distribution. To analyse this distribution, the data are par-
titioned into discrete cells, each cell having an angular
resolution of approximately 10 (Saylor et al. 2004b). The
data set is quantified in terms of grain boundary area by
incorporating the length of the grain boundary traces. For
cubic materials, more than 50,000 grain boundary traces
are needed for an accurate estimate of the grain boundary
distribution, based on a 10 partitioning of the data.
There are several ways of presenting the grain boundary
distribution (see for example, (Saylor et al. 2003a, 2004d).
A common representation is to plot the distribution of
plane normals in stereographic projection. Once contoured
in units of MRD, plane normals with greater than 1 MRD
are more favoured than expected from a random distribu-
tion. The data is often presented averaged over all possible
misorientations. These averaged plots show which types of
planes are the most (and least) favoured. Detailed infor-
mation, for instance, about the tilt and twist nature of
boundaries, is illustrated by examining series of misori-
entations, about a given axis, huvwi, and a range of angles.
In this type of plot, each misorientation contains the data
from a complete family of rotation axes huvwi, that are
superimposed into a single direction, [uvw], so that the
types of boundary (tilt, twist, general) are more clearly
illustrated. Each specific misorientation plot shows only a
fraction of the total grain boundary population. Figure 1 is
a schematic diagram for a [100] rotation axis, showing the
locations of twist, symmetric and asymmetric tilt grain
boundary normals for a 30 misorientation. The angles
between the peaks for the asymmetric tilt boundary nor-
mals are geometrically dictated by the misorientation
angle.
A surprising result from the grain boundary population
studies on a wide range of engineering materials (single
phase ceramics and metals, annealed at high homologous
temperatures) is that preferred orientations of low index
boundary planes occur, rather than boundaries with a spe-
cial misorientation relationship (Rohrer et al. 2004a, 2006;
Saylor et al. 2004a; Randle 2006). Special misorientation
relationships can be described by a coincident site lattice
(CSL) in which a fraction of the lattice points on either side
of the boundary coincide; the ratio of the CSL to lattice
sites is described by R (McLaren 1986; Randle 1992). The
low index grain boundary planes found in the EBSD
studies are the same as the low energy, crystal growth
forms of single crystals. Grain boundary energy distribu-
tions were modelled for MgO, based on dislocation
structures for low angle boundaries and surface energy
anisotropy for higher angle boundaries; an inverse rela-
tionship was found between the grain boundary energy and
the grain boundary population (Saylor et al. 2003b). A
similar study on SrTiO3 confirmed that the energy of the
grain boundary planes inversely correlated with the grain
boundary plane population, apart from the coherent twin
boundary, which comprises two {111} planes rotated
around the [111] by 60 (Saylor et al. 2004c).
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In polycrystals of NaCl, distinct square shaped grains
are common, in both natural and synthetic material, and for
a wide range of deformation and annealed conditions
(Spiers et al. 1986). A recent two dimensional EBSD study
examined misorientation angle distributions and grain
boundary traces in a range of synthetic NaCl materials:
three types of boundary were identified, namely general
high angle grain boundaries, boundaries with a CSL mis-
orientation relationship and boundaries of square shaped
grains, which had traces that were within 12 of the trace of
{100} planes (Pennock et al. 2006b). The population of the
CSL related boundaries were no different to that expected
from the texture, which implies that the occurrence of CSL
boundaries in NaCl is not particularly favoured over other
boundaries. Furthermore, in ‘wet’ NaCl (where wet signi-
fies that very small amounts of water, [5–11 ppm, are
present), grain boundary microstructures of CSL misori-
ented boundaries, and special, {100} types of boundary,
were similar to general boundaries after low temperature
deformation. As grain boundary migration only occurs
below *400C, if assisted by the presence of intergranular
brine, these results suggest that the boundaries were wet-
ted. However, in this two dimensional EBSD study, the
number of trace analyses was limited and conventional two
dimensional trace analyses cannot define grain boundary
plane orientations, or provide information about the char-
acter of boundaries, such as the importance of tilt, twist and
general boundaries.
In the present study we use the five parameter EBSD
technique, described above, to examine the grain boundary
character distribution in a single section of a slightly
deformed, synthetic polycrystalline NaCl. The small
amount of intergranular brine present in this sample
(Watanabe and Peach 2002; Ter Heege et al. 2005) was
sufficient to enhance grain growth in a subset of grains that
developed a square shape (Pennock et al. 2006a). The
microstructures of the NaCl sample differ from the ideal
annealed microstructures reported for MgO, which is iso-
structural to NaCl (Saylor et al. 2003a, b): for NaCl,
subgrain boundaries, with low misorientation angles, were
present and grain shapes were more convoluted at triple
junctions. Average grain sizes were about 300 lm for the
NaCl compared to 109 lm for MgO. The texture was
random for NaCl, whereas MgO showed a h111i texture
parallel to the surface normal.
Materials and methods
Sample preparation
The NaCl sample used in this study (sample p40t115) has
been studied in several previous studies concerned with the
influence of water on the mechanical and transport pro-
perties, texture and microstructure (Watanabe and Peach
2002; Ter Heege et al. 2005; Pennock et al. 2006a, b). The
polycrystalline sample was prepared by cold pressing
Fig. 1 Location of high symmetry grain boundary normals for a
[100] misorientation axis (arrow) and a misorientation angle,
w*30 (001 stereographic projection and a centro-symmetric cubic
bicrystal). The plane normals for a pure twist grain boundary are
parallel to the misorientation axis (grey circles), whereas tilt grain
boundaries have normals that are perpendicular to the misorientation
axis and lie on the thick line. For any grain boundary, the normals of
the two planes that form the boundary must be separated by the
misorientation angle, w. For tilt boundaries, both planes are of the
type {0kl}: for a symmetric tilts, the grain boundary plane normals
are the same for both crystals and are geometrically confined to be
located at w/2 about the {100} poles (black circles). These define the
locations of a coherent CSL boundary (Rohrer et al. 2004b). For b
asymmetric tilt boundaries, the two boundary plane normals associ-
ated with each grain boundary are geometrically confined to be w
from each other and are (open circles). The bicrystal can have
additional symmetry that reduces the range of unique grain bound-
aries, such that there is no symmetry about the misorientation axis
(Saylor et al. 2003a); e.g. for 30 about the [100] illustrated here,
there are only two positions for the tilt boundary, each with two
boundary plane normals
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granular NaCl with a small amount of water (Watanabe and
Peach 2002) followed by annealing at 150C (0.4 Tm)
(Peach and Spiers 1996). This produced a fully recrystal-
lized microstructure, with \0.5% porosity and an average
grain size of *300 lm and *32 ppm intergranular water.
The undeformed material showed mainly equiaxed grains,
with a few distinct square shaped grains (ter Heege et al.
2004). A cylinder of this material (50 mm 9 120 mm) was
deformed in axisymmetric compression under 50 MPa
confining pressure, at 125C and at a constant displacement
rate of *5 9 10 -7 s-1 to a final natural strain of 0.07 and
a flow stress of 11 MPa before finally cooling under
pressure, reaching a temperature below *50C within
0.5–1.5 h after deformation was stopped (Watanabe and
Peach 2002).
Samples were stored in a dry room (\15% relative
humidity) and sections cut parallel to the compression axis
from the centre of the sample soon after deformation to
inhibit static recrystallization (Urai et al. 1987). Standard
metallographic techniques were used to polish flat, parallel
sections, using evaporating oil as lubricant (Shell S4919); a
95% saturated NaCl solution containing *0.8 wt.%
FeCl36H2O was used to lightly etch the surfaces to remove
abrasive damage caused by polishing, thereby improving
the analysis quality of EBSD. Several polished sections
were needed to obtain a sufficient number of grains for the
analysis.
The microstructure before deformation comprised both
a random LPO and microstructure, comprising equiaxed
grains, a few square shaped grains and predominantly
120 triple junctions; arrays of brine were present along
grain boundaries and occasional intragranular brine
inclusions (Peach and Spiers 1996; Watanabe and Peach
2002; Ter Heege et al. 2005; Pennock et al. 2006a). A
few island (internal) grains and subgrains were present
after annealing (Pennock et al. 2006a). After 0.07 strain,
a subset of square shaped grains, having a very weak
h111i maxima parallel to the compression axis, had
slightly larger than average grain sizes; subgrains were
present in most grains and tended to be located pre-
dominantly near grain boundaries of larger grains
(Pennock et al. 2006a).
EBSD measurements
Crystal orientation maps were obtained on uncoated
samples using Oxford Instruments HKL Channel 5 soft-
ware and Nordlys CCD camera integrated with a Philips
XL30 SFEG scanning electron microscope (SEM) oper-
ating at 20 mm working distance, *2 nA beam current
and 12 kV accelerating voltage. Samples were tilted to an
angle of 70 with respect to the electron beam for EBSD
analysis. The sample tilt and scan rotation of the
instrument were adjusted to within 0.1 using a silicon
crystal calibration grid to correct foreshortening in the
mapped area and to ensure alignment of the beam maps
with the stage movement. The step size used for mapping
needed to be small enough to give a reasonable trace of
the grain boundaries (Wright and Larsen 2002). For an
average grain size of *300 lm, a 20 lm step size was
used. Maps were obtained by combining beam scanning
(1,500 9 1,100 lm area) with stage movements and
stitching together the beam maps. Occasionally conti-
guous beam maps did not match up, possibly because
local charging deflected the beam; boundary data across
poorly matched regions was not used. In total an area of
*12 cm2 was mapped.
The indexing success of EBSD maps was typically
around 98%. Spurious and non-indexed pixels, and small
grains of less than two pixels diameter, were all replaced
with neighbouring grain orientations. A few misindexed
pixels occurred with 45 rotation about h100i with respect
to their neighbouring pixels. These pixels were manually
replaced by a neighbouring pixel orientation to avoid loss
of information from real grain boundaries with the same
misorientation.
The orientations determined from the HKL software
(square grid mapping) were imported into EDAX TSL
OIM software (hexagonal grid format) before further pro-
cessing with software developed by the group at Carnegie
Mellon University. Grains were defined with a boundary
misorientation of more than 3, to ensure that the fraction
of low angle grain boundaries, which were recognized from
the grain shape in forescatter images, were included in the
data set. Other low misorientation deformation induced
boundaries within the grain were examined to assess their
contribution to the plane distribution. Internal ‘‘island’’
grains were ignored in the analysis. Nearly 21,000 grains
were used in the data set.
Each grain was assigned its average orientation value.
Boundary line segment traces were extracted using the
method developed by Wright and Larsen (2002) (Fig. 2) to
give a total of 65,000 grain boundary line segments.
A large statically recrystallized grain, that developed dur-
ing long term storage of the sample, contributed a very
small fraction, less than 0.1%, of the total number of grain
segments: as these segment were spread over all misori-
entations, they are not expected to influence distributions of
individual plots about a specific misorientation. For each
plot the probability of finding a plane normal was expres-
sed as multiples of a random distribution (MRD) and
plotted in stereographic projection. Data were partitioned
into 10 cells, so the angular resolution of the grain
boundary planes was about 10. The resolution of the
measured misorientation angle was better than 1 (Pennock
et al. 2002).
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Results
Before presenting the results on the grain boundary plane
analysis the microstructures are examined to determine the
range of deformation related subgrain boundaries present.
The very low angle subgrain boundaries, less than 3, were
not included in the grain boundary trace analysis. The
frequency distribution of misorientations angles more than
3 between pixels (Fig. 3) shows that low angle misori-
entations represented a significant fraction of the total
boundary length. Misorientation rotation axes over all
possible misorientation angles are shown in Fig. 4. The
distributions show that the axes were very uniformly spread
and have no preferred orientation. The absence of any
preferred orientation in the distribution of the misorienta-
tion rotation axes suggests that the boundary population in
a single section analysis is adequately represented, as
required for the five-parameter analysis (Saylor et al.
2003a). The microstructure of low and high angle bound-
aries is shown in Fig. 5. For one mapped area (3,000
grains) the average misorientation within grains based on
random pixel pairs, was 1.8, with a standard error of 0.02.
Several boundary misorientations, in the range 3–10,
define boundaries between grain shaped domains and are
clearly low angle boundaries between grains, as opposed to
deformation induced subgrains. However, most low angle
misorientations are deformation related, or arise from
scratches and poorly indexed regions. The majority of them
have short segments that were not confined between two
triple junctions that were used to define the boundary
segments, as shown in Fig. 2. Therefore, the majority of
the deformation induced boundaries were not included in
the grain boundary plane algorithm. Boundaries with a
common h100i axis, about 2% of the total boundary length
(Table 1), are shown in red (Fig. 5).
Grain boundary traces were examined using light
microscopy on an untilted surface to determine whether
any distortion in the image occurred because of the 70 tilt
used for EBSD mapping (Fig. 6a). EBSD maps of the same
area imaged at 70 tilt have the same aspect ratio and
match up well across individual boundaries (Fig. 6b). The
microstructure after assigning an average orientation value
to each grain and after reconstructing the boundaries is
shown in Fig. 6c. The reconstructed boundaries (Fig. 6c)
are in good agreement with the microstructure, even in the
triple junction region where the boundary trace is rather
convoluted. Higher magnifications show that the majority
of grain boundaries surrounding square shaped grains were
straight after 0.07 strain, although fine scale variations of
the boundary trace (Fig. 7) was not resolved in EBSD maps
(Fig. 7).
The results from the grain boundary plane analysis are
now presented. Figure 8 shows all of the grain boundary
plane normals, for all misorientations, plotted in stereo-
graphic projection. The distribution shows peaks in
Fig. 2 Sketch showing how an EBSD mapped grain boundary trace
(continuous line) is reconstructed into segments (dashed line). Triple
junctions are identified, and a straight line is drawn between them.
These line segments are dissected into shorter segments until the
tolerance (arrow) between the reconstructed line and the actual grain
boundary is less than twice the step size used for mapping (adapted
from Wright and Larsen 2002)
Fig. 3 Graph showing the relative frequency distribution of misori-
entations after 0.07 strain. (The distribution is of orientation gradients,
as the 20 lm step size accumulates misorientations across some
subgrain boundaries). Low angle misorientations, \10, constitute a
significant fraction of the total boundary length. The random
distribution is shown as a solid line
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frequency on {100} planes at about twice the random
frequency. This means that the {100} planes are the most
favoured planes whereas the probability of {111} planes is
only half that for a random frequency.
A selection of the grain boundary populations within the
five-parameter space, plotted in stereographic projection
for several misorientation axes and angles, is shown in
Figs. 9, 10, 11 and 12. The locations of the misorientation
axes are shown with a dot in the plot with the lowest
misorientation angle. Twist boundaries have normals par-
allel to the misorientation axis whereas the locations of tilt
boundaries, with normals perpendicular to the misorienta-
tion axis, are shown by a thick line. The three lowest index
misorientation axes [100], [110] and [111], plus one gen-
eral misorientation axis, [123], were chosen for plotting. In
all of the plots, the variations for each distribution are
given in a key: maximum MRD values differ for each plot,
to emphasize the subtle changes in each distribution. An
MRD less than one is generally red in colour; general {hkl}
category of boundary is predominantly green and has MRD
greater than 1 and peaks in the distribution of the more
favoured grain boundary planes tend towards a blue colour.
The percentages of the total grain boundary length for
each axis shown in Figs. 9, 10, 11 and 12 are given in
Table 1. The percentages in the upper half of the table
cover the complete possible range of misorientation angles,
5–62.5. The partitioning of the boundary length, as a
function of misorientation angle, is illustrated for the h123i
axis and a 5 deviation about the misorientation angle: the
percentages vary with misorientation angle, being highest
Fig. 4 Distribution of axes is shown about all possible misorientation
angles. Data are contoured in one-times-unit multiples of uniform
density. The allowable limits for the axes, using the minimum
misorientation angle, are shown for the higher angle ranges. Note that
the contouring algorithm does not take into account the nonuniform
distribution of axes at higher misorientation angles; there is therefore
no texture in the rotation axes
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at 45–50, which is consistent with the distribution for
random boundaries shown in Fig. 3. Each misorientation
angle plot contains a small fraction of this length.
In Fig. 9, the distribution of grain boundary plane nor-
mals is shown for a [100] misorientation axis and
misorientation angles ranging from 5 to the maximum
possible value, allowed by symmetry, of 45, including the
R5 CSL misorientation. At very low misorientations (5)
there are three dominant peaks (almost 4.5 MRD), showing
the most favoured types of planes, which occur at, or near,
(001) and (010) pole locations. These poles are tilt
boundaries. Thus, if one grain boundary plane lies on
(001), then the neighbouring plane normal has to be within
5 (the misorientation angle) of (001), which is not
resolved in the plot, as the resolution of the grain boundary
plane is 10. The next highest MRD region in the distri-
bution is close to the [100] misorientation axis, and shows
that twist boundaries, made up of two {100} planes, are
also favoured, with probabilities of about 3.5 MRD. At 10
misorientation angle, the tilt boundaries remains the most
favoured type of plane, and have about 4MRD: the tilt
boundaries have one plane on, or close to, a {100} type of
plane and the second plane, {0kl}, is geometrically con-
fined by the misorientation angle to be within 10 of {100}.
These plane combinations, i.e., {100}{0kl}, are asymmet-
ric tilt boundaries (see Fig. 1). General boundaries, with a
[100] misorientation axis, have {hkl}{hkl} planes, are
slightly less probable, but still favoured, with probabilities
of about 3 MRD (green colour). Twist boundaries still have
probabilities of 3.5 MRD. At 20 misorientation angle,
{100} tilt and twist boundary types are equally favoured,
with 3.5 MRD. Note that, as the misorientation angle
increases, the maximum in the tilt plane normals shifts
away from the exact (001) and (010) locations. The most
favoured plane combinations are asymmetric tilt types of
boundary, with {0kl} planes. The trend continues at higher
misorientation angles; the probability of finding asym-
metric tilt boundary decreases (to about 2.9 MRD at 30
misorientation), whereas the probability of finding a twist
boundary remains the same (about 3.5 MRD) over the
entire misorientation angle range. There are no additional
favoured planes at the R5 CSL misorientation, such as
symmetrical tilt planes (see Fig. 1), or other combinations
that might be associated with high planar coincidence
(Saylor et al. 2003b; Rohrer et al. 2004a). The trend con-
tinues for reduced occurrence of asymmetric tilt boundaries
but, at 45 misorientation, these type of boundaries are still
slightly more likely than general {hkl} type of boundaries.
The reduced symmetry arising from the bicrystal symmetry
no longer applies at higher misorientation angles and
full symmetry is restored to the grain boundary plane
distribution (Saylor et al. 2003a), as shown at 45 misori-
entation. Boundaries close to {111} are clearly not
favoured at any misorientation angle, and this trend is seen
for all misorientation axes (see also Figure 8). As the
misorientation angle increases, the least favoured planes
types are spread between {111} and {110} types of planes.
More general boundary plane combinations, {hkl}{hkl}
complete the distribution, with probabilities of about
2MRD.
Fig. 5 EBSD microstructures (montage of beam maps), showing the
distribution of low and high angle boundaries. Boundaries about a
h100i axis are shown as red lines, 3–10 misorientation are shown as
green lines and [10 misorientations as black lines, and a non-
indexed patch in purple. A low angle boundary between two grains is
arrowed. Variations in the orientation of the h111i axes with respect
to the compression axis (vertical) are shaded in grey, see legend
Table 1 The grain boundary length, as a percentage of the total grain
boundary length, is shown for the misorientation axes shown in
Figs. 9, 10, 11 and 12. The partitioning of the boundary length as







 111 5.4 (4.6) 
110 7.6 (6.5) 
100 2 (1.7) 
123 27.5 (18.5) 


















Deviation about the axes was 8 and misorientation angles ranged
from 3 to 62.5. Percentage values for boundaries with misorientation
angles more than 10 are given (and for greater than 3 in brackets;
note that many of the 3 boundaries were not included in the grain
boundary plane analysis). Data is from a mapped area of 1.65 cm2
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Fig. 6 Correlation between a light microscopy, b EBSD and
c reconstructed microstructures. The location of the borders between
EBSD maps is shown by three small arrows. Colour legend in b is the
same as given for Fig. 5. In c, the square grid map is reconstructed
with an hexagonal grid and each grain is given a single average
orientation value, represented as a random colour; grain boundary
line segments used in the analysis are shown as black lines. A small
island grain and a low angle peninsular grain (arrows in b) are
ignored in the reconstructed microstructure, otherwise the correlation
is good
Fig. 7 Boxed region, Fig. 6a, showing finer scale detail of an etched
grain boundary. The spots in the upper grain are damage pits, caused
by the electron beam during mapping with a 20 lm grid
Fig. 8 Grain boundary distribution for all grain boundary planes
averaged over all misorientations, both axes and angles, plotted in
stereographic projection, with the location of the (100) and (010)
poles shown as dots and the (111) pole as a triangle. The populations
are colour coded in terms of multiples of a random distribution
(MRD)
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The distribution probabilities of grain boundary planes
for low misorientation angles about the [110], [111] and
[123] misorientation axes are shown in Fig. 10. There is a
low probability for planes in the location of the misorien-
tation axes, which means that twist boundaries are unlikely
for these misorientation axes, in contrast to the results for
the [100] misorientation axis. Neither are there maxima in
tilt boundary locations (shown by the thicker lines). Irre-
spective of the axes of misorientation, {100} planes are the
preferred grain boundary planes, although the maxima are
more spread away from exact {100} locations. General
{hkl} types of boundary are favoured with an MRD of 1.5–
2 and least favoured boundaries follow the same trend as
seen for the h100i misorientation axes, namely, they form
wide zones that spread between {111} and {110} types of
planes as the misorientation angle increases.
Figure 11 shows higher misorientation angles for a
[110] misorientation axis. The {100} planes have the
higher probabilities, spreading along the h100i zones with





9 CSLs are also
shown. At these misorientations, asymmetric tilt grain
Fig. 9 Probability distributions
of grain boundary plane normals
plotted in 001 stereographic
projection and coloured as
MRD showing only data for the
[100] misorientation axis (black
dot) and at misorientation
angles ranging from 5 to 45,
including the R5 CSL
misorientation angle. The
location of tilt boundaries is
shown with a thick line
Fig. 10 Probability
distributions of grain boundaries
plotted for rotations about low
index axes [110], [111] and
[123] and at low angle
misorientations, 5 and 10.
Black dots show the location for
each misorientation axis and
location of tilt boundaries are
shown for each axis at 5 with a
thick line. Planes vicinal to
{100} are favoured and twist
boundaries for these axes are
not favoured
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boundaries occur, spreading away from the (001) pole
along the [110] zone. Several other CSL relationships are
also illustrated in the Figs. 9, 10, 11 and 12. In all cases
studied there was no indication that the CSL relationship
resulted in the occurrence of special grain boundary planes
other than {100} type boundaries [A more complete ana-
lysis of CSL planes is given by Rohrer et al. (2004a) and
Saylor et al. (2003b).]. Peaks in the distribution also occur
for {100} planes at higher angle misorientations about the
[111] rotation axis (Fig. 12). The peaks become increas-
ingly spread with increasing misorientation angle,
consistent with a rotation around [111] axis. The same
trend is seen for the higher angle misorientations about the
more general [123] axis.
Discussion
The microstructure in this deformed sample (larger grain
size, convoluted grain boundary traces and presence of
subgrains) differs from that in most other studies, which
were on annealed materials. Average orientation values
were used to reconstruct grains and subgrains contributed
an average error of 1.8 to grain orientations, but this error
Fig. 11 Probability
distributions of grain boundaries
for misorientations about [110]
axis plotted at high angle
misorientations. Misorientation
axis is shown by a black dot
Fig. 12 Probability
distributions of grain boundaries
for misorientations about [111]
and [123] axes, plotted at high
angle misorientations.
Misorientation axes are shown
by black dots
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is small in comparison to the accuracy of the technique,
which is 10. The larger grain size, (300 lm) was mapped
with a larger step size, although, for each microscope
system there are limits to the size of both beam maps and
stage movements. However, the time to collect data sets for
larger grained material increases with the number of stage
movements and the number of sample section needed for
the analysis. Whereas EBSD offers good statistics, uni-
versal stage measurements may be a more appropriate
method for collecting grain boundary plane information for
very large grain size, transparent materials, and provides
site specific information that is not available with the single
section method. However, for fully annealed materials,
grain orientation and grain boundary traces can be defined
with fewer measurements, using images to define the grain
boundary traces (Saylor et al. 2003a).
The single section method of analysing grain boundary
plane populations assumes that there is no strong micro-
structural alignment of the grain boundary planes in the
section (Saylor et al. 2004b). A few, larger grains tended to
develop square shapes during deformation and this subset of
grains was very weakly aligned with the h111i axis parallel
to the compression axis (Pennock et al. 2006a). These grains
represented a maximum of 25% of the mapped area, 13% of
all grains, and include several grains in which only two of
the grain boundaries, that surrounded the grains, developed
a facet. The application of the single section analysis
method is still expected to be valid, as reasonable results
were reported if at least 60% of each grain boundary type
were randomly distributed (Saylor et al. 2004b).
In all sections examined, grain boundary plane distri-
butions have shown that boundaries on {100} planes are
favoured in wet NaCl. These {100} planes occur at general
boundary misorientations, including CSL misorientations.
Other low index planes, that are associated with high
coincident density at CSL misorientations, are not favoured
in NaCl. These results confirm suggestions from our earlier
study in which two dimensional trace analyses on a limited
number of grain boundaries were measured in a wide range
of synthetic NaCl polycrystals (Pennock et al. 2006b).
From the grain boundary character distributions, three
types of grain boundary were identified to have densities
greater than one times a random distribution, namely {100}
twist boundaries, boundaries with {100} in one grain par-
allel to {hkl} in the neighbouring grain, including
asymmetrical tilt boundaries, {001} {0kl}, and vicinal
twist boundaries, *{001}{001}, and general boundaries
with {hkl} in one grain parallel to {hkl} in the neigh-
bouring grain. The {100} boundary planes were the most
favoured type of boundary, having at least twice random
densities for all misorientations about the axes examined.
The spread of boundaries, away from the {100} plane,
agrees with our earlier study in which many of the
boundary traces deviated by up to 12 from the trace of
{100} (Pennock et al. 2006b). The spread indicates a
vicinal character to the grain boundary plane, that is, a
boundary vicinal to {100} can be thought of as a {100}
plane with steps, or line defects (Sutton and Balluffi 1995).
Severe deformation during preparation of synthetic
ceramics, can influence the grain shape, and may influence
the grain boundary distribution if there is an LPO
(Vonlanthen and Groberty 2008). For synthetic NaCl, both
the starting powder and the cold pressing stage produce a
large number of {100} faces that may influence the grain
boundary distribution. However, during annealing, densi-
fication of the powder only occurs if water is present,
which enables fluid assisted grain boundary migration.
After annealing, the LPO is random and most of the grains
are not square shaped. Therefore, the population of the
{100} grain boundaries in the synthetic sample in this
study are not inherited from the sample preparation.
NaCl and MgO have the same crystal symmetry, and
structure (space group Fm3mÞ; which has a minimum
surface energy for {100} planes (Hartman 1973; Saylor
et al. 2000). The grain boundary plane populations for
NaCl found in this study are very similar to those reported
for magnesia (MgO) (Saylor et al. 2003a): both materials
show a preference for {100} planes when plane normals
are averaged over all misorientations. A significant dif-
ference between the MgO and NaCl data sets is seen in the
plot for very low misorientations, 5, about the [110]
rotation axis: whereas MgO shows peaks in the distribution
for {110} symmetric tilt boundaries (more than 20 times
random) these boundaries have much lower densities in
NaCl (about twice random) and distributions in NaCl show
peaks for vicinal {100} planes. Both NaCl and MgO have
the same easy slip system, {110} 110h i (Frost and Ashby
1982), and polygonise dislocations on {110} tilt bound-
aries. The presence of {110} planes in the 5 about [110]
distribution in the MgO study suggests that these boundary
planes are low energy dislocation tilt walls (Saylor et al.
2003a, b). The majority of the deformation induced low
angle boundaries in the NaCl sample did not contribute to
the boundary reconstruction algorithm so these boundaries
do not influence any of the distributions. The differences in
the 5 about [110] distributions may be caused by varia-
tions in the sample preparation for the two materials. The
MgO sample was hot pressed (0.63 Tm), and annealed at
0.54 Tm, whereas the NaCl sample was cold pressed
(0.27 Tm), and annealed at 0.4 Tm before straining. It is
likely that plastic deformation was more important in the
hot pressed MgO compared to the cold pressed NaCl
sample in controlling the low angle grain boundary popu-
lations about the [110] axis.
The occurrence of grain boundaries parallel to a low
energy growth form is common in natural rocks (Urai
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1983; Drury and van Roermund 1989; Vernon 2004). In a
material that is not strongly anisotropic, like NaCl, the
development of facetted grain boundaries, often forming
square shaped grains in NaCl, is taken as evidence for the
presence of intergranular fluids (Urai 1983; Spiers et al.
1986), although some highly anisotropic minerals, like
micas, always have facetted grain boundaries (Vernon
2004). The NaCl sample contained about 32 ppm of water
and the MgO sample studies by Saylor et al. (2000), about
0.3% of impurities. Water and impurities predominantly
segregate at grain boundaries (Yan et al. 1983; ter Heege
et al. 2004), although the main impurity in MgO, calcium,
is reported to show anisotropic segregation, with the most
frequently observed boundaries showing the least calcium
accumulation (Saylor et al. 2003b). The presence of fluids,
or an amorphous phase, at grain boundaries is likely to be
of significance in enabling the formation of boundaries
with a low energy growth form in both NaCl and MgO
materials, rather than the CSL related boundaries.
The population of {100} grain boundaries in the NaCl
sample was not significantly different at CSL misorienta-
tions compared to other misorientations. Both CSL related
boundaries and general boundaries appear to migrate and
show similar microstructures, which suggests that water
was present along the majority of boundaries in NaCl
(Pennock et al., 2006b), in agreement with transmitted light
microscopy studies of the undeformed material (Ter Heege
et al. 2005). Although in some materials boundaries with
impurity segregation can still be semi coherent (Sickafus
and Sass 1987; Bons et al. 1990), the presence of inter-
granular fluids could explain the absence of CSL boundary
planes in the NaCl sample studied. Several studies of grain
boundary populations in naturally deformed rocks have
shown that, apart from the occurrence of low R CSL
boundaries, corresponding to well known twin boundaries,
other CSLs in many natural rocks are not preferentially
occupied (Faul and Fitz Gerald 1999; Fliervoet et al. 1999;
Lloyd 2004; Kuntcheva et al. 2006), that is, only those
CSLs expected from a random combination of the popu-
lation of grain orientations, defined by the LPO, occur.
Like NaCl and MgO, a possible reason why CSLs are not
common in rocks is the presence of intergranular fluids and
segregation of impurities, which would cause a loss of
structural integrity and interplay between grains, and would
therefore favour boundaries with a low energy plane.
In low stacking fault metals, the coherent R3 twin is
prolific, but when these twins were removed from the grain
boundary plane data for brass, the population was indis-
tinguishable to aluminium, and both metals showed a
preference for low index, low energy planes (Rohrer et al.
2006). The occurrence of low index, low energy planes in
grain boundaries of metals might also be explained by a
decoupling of the grain misorientation by segregation of
impurities at the grain boundary, or by some disordering of
the grain boundary at high homologous temperature.
Recent molecular dynamic modelling has shown that even
pure materials, including metals, general high angle grain
boundaries may show a structural transition to a disordered
structure at temperatures of 0.6 Tm (Keblinski et al.
1997; Wolf et al. 2001), although there is currently no
experimental confirmation of these theoretical models.
Calculated grain boundary populations, based on the
energy of the interfaces, less a binding energy, show a good
inverse correlation with the experimental preferred
boundary population in MgO (Saylor et al. 2003b). A
similar result, based on total energy calculations, was
found for the tetragonal material, TiO2 (Pang and Wynblatt
2006). These results suggests that surface energy alone is a
sufficient reason for the occurrence of the preferred planes,
although the grain boundary population may be modified
by impurity segregation (Pang and Wynblatt 2006).
Because crystallographic controlled, low index planes are
favoured in relatively pure metals, where intergranular
fluids (generally) do not occur, the occurrence of similar
grain boundaries in ceramic and rocks should not be taken
as evidence for fluid along a grain boundary. In the present
study, intergranular fluid is present, and we have argued
that most boundaries are wetted because, in the absence of
water, boundary migration in NaCl does not occur until
much higher temperatures of about 500C (0.7 Tm)
(Guillope´ and Poirier 1979; Franssen 1993).
The current study investigated a deformed microstruc-
ture, so driving forces for grain growth and migration is
more complex than in studies on grain boundary popula-
tions in which samples were fully annealed. The
microstructure in the low strain NaCl sample changed
significantly compared to the annealed state, and compared
to the dry deformed state (see Fig. 2 in Pennock et al.
2006a). Some grain growth occurred during deformation,
and more square shaped grains developed, probably
because of strain energy driven growth (Pennock et al.
2006a). The square shape of the grains suggests that the
grain boundary mobility is anisotropic (Pennock et al.
2006a, b). Fluid assisted grain boundary migration in NaCl
could be diffusion controlled, or interface reaction con-
trolled, and both cases can be anisotropic (De Meer et al.
2005; Van Noort et al. 2007). Therefore, the {100} grain
boundary planes in the current study are present because
they have low mobility compared to other orientations. As
in crystal growth, anisotropic grain boundary mobility
results in the development of faces with the slowest
migrating boundaries. Note that, in NaCl and many other
materials, low energy boundaries will also be of low
mobility.
The effect that the grain boundary population has on the
physical properties of NaCl polycrystals will depend on the
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properties of the three main types of grain boundary
identified in the grain boundary population. Bicrystal
studies show that {100} twists have a smooth, possibly
fluid free, boundary and are susceptible to contact healing
rather than pressure solution (Hickman and Evans 1992;
Van Noort et al. 2007) whereas {100}{hkl} boundaries
develop a dynamic, rough structure, enabling rapid pres-
sure solution to occur (Schutjens and Spiers 1999).
Furthermore, De Meer et al. (2005) have shown that the
average thickness of rough grain boundary films, along
NaCl–CaF2 interfaces, depend on crystal orientation. On
the basis of these results, we expect that {100}{hkl}
boundaries may be less rough than {hkl}{hkl} boundaries.
Thus the transport and creep properties of NaCl polycrys-
tals will depend on the fraction of the different boundary
types. In the current sample, {100} twist boundaries form
only a fraction of the possible boundaries about h100i.
However, a h100i texture develops during dynamic and
static recrystallization of wet NaCl, in synthetic samples
and in salt domes (Skrotzki and Welch 1983; Trimby et al.
2000; Pennock et al. 2006a). The proportion of {100} twist
boundaries is expected to be greater in materials with a
stronger texture. The actual plane of the grain boundary,
that is, the twist nature, is determined by the microstruc-
ture. The combination of strong h100i textures and square
shaped grains, which have neighbouring square shaped
grains, can produce many twist boundaries. This type of
microstructure is seen in extruded wet NaCl (Skrotzki and
Welch 1983), and could be particularly resistant to pressure
solution.
Conclusions
The grain boundary plane population have been determined
using EBSD in slightly deformed, synthetic NaCl. The
{100} boundaries were the most favoured type of boundary
having at least twice random densities in all misorienta-
tions about the axes examined. Three types of grain
boundary were found to have densities greater than one
times a random distribution: {100} twist boundaries,
boundaries with {100} in one grain parallel to {hkl} in the
neighbouring grain and general boundaries with {hkl} in
one grain parallel to {hkl} in the neighbouring grain. Other
boundary planes, for instance those associated with CSL
lattice misorientations, are not favoured in NaCl. The grain
boundary plane distribution found in NaCl were largely
similar to that reported for MgO; the low angle {110}
boundaries found in MgO were absent in NaCl, probably
because of differences in the processing history for the two
samples. We expect that the transport and creep properties
of wet NaCl polycrystals will be influenced by the grain
boundary populations.
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